The factors that regulate DNA replication
The regulation of DNA replication in eukaryotes involves two discrete steps. First, prereplication complexes assemble at sites of replication initiation ("origin licensing"), and subsequently, the actual initiation of DNA synthesis can be triggered ("origin firing").
Comprehensive studies aimed at identifying all components involved in DNA replication have not been reported for C. elegans. However, functional annotations by the C. elegans genome sequence consortium have revealed orthologs of many DNA replication components (www.wormbase.org). In addition, some DNA replication genes have been identified through mutations, and genome-wide RNA interference (RNAi) has confirmed that most putative replication components exert critical functions (Encalada, et al. 2000; Korzelius, et al. 2011; Sonnichsen, et al. 2005) . Despite their clear conservation, certain well-known replication genes currently appear to lack C. elegans counterparts (see Table  1 ). For instance, in eukaryotes ranging from yeast to human, the origin recognition complex (ORC) has been found to consists of 6 subunits, ORC1 to ORC6. At present, ORC-2 is the only ORC protein identified in C. elegans, and its function has not been characterized in detail. Recruitment of the ORC is normally the first step in pre-replication complex assembly, which is followed by association of the CDC6 and CDT1 proteins. C. elegans does contain legitimate CDC-6 and CDT-1 orthologs, which are essential for DNA replication and required for embryonic as well as larval viability (Kim, et al. 2007; Kim & Kipreos 2007a; Kim & Kipreos 2007b) . Simultaneous overactivation of CDC-6 and CDT-1 leads to extensive re-replication, which underscores the role of CDC-6 and CDT-1 as critical regulators of origin licensing.
BOX1: C. elegans DNA replication analysis
One of the advantages of the use of C. elegans as a model system is that the animal is fully transparent, which allows the use of Differential Interference Contrast (DIC, also known as Nomarski) microscopy for live observations of cell division. Moreover, expression and localization of the green fluorescent protein (GFP) and other fluorophores can be followed by time-lapse microscopy. Introduction of transgenes with tissue or cell type-specific promoters that drive expression of GFP or GFP-tagged fusion proteins is a routine procedure in C. elegans (Mello & Fire 1995) . However, transgenes are usually silenced in the germline and in early embryos, which can be avoided by integrating a single copy transgene through DNA particle bombardment or the MosSCI technique (Frokjaer-Jensen, et al. 2008; Praitis, et al. 2001) . We have recently applied the MosSCI strategy for integration of a single copy transgene expressing an MCM-4::mCherry protein fusion, which rescues mcm-4 null mutants and shows a similar expression pattern and subcellular localizations as the endogenous MCM-4 protein (Korzelius, et al. 2011, and our unpublished results) . In addition to gene expression studies, DNA replication itself can be visualized in multiple different ways. The most quantitative method makes use of determination of the DNA content. The DNA content of a cell correlates with the cell cycle phase: cells in G1 have a ploidy of 2n; S phase cells between 2n and 4n; and cells in the G2 and M phases 4n. To measure the DNA content, animals are fixed and stained with a dye that fluoresces when bound to DNA, such as propidium iodide, Hoechst 33258, or DAPI (4'6'-diamidino-2-phenylindole dihydrochloride). The most accurate method, but also the most time consuming, for in situ quantification is analysis of the fluorescence signal in confocal serial sections of propidium iodidestained nuclei (Boxem, et al. 1999; Feng, et al. 1999; Zhong, et al. 2003) . The accuracy of this method makes it ideal for experiments in which small differences in DNA content must be distinguished, e.g. when comparing cells in G1 vs. S phase. In order to investigate if cells go through the process of DNA replication, or whether DNA replication takes place at specific times of development, incorporation of the thymidine analogues 5-bromo-2'-deoxyuridine (BrdU) or 5-ethynyl-2'-deoxyuridine (EdU) can be used. BrdU incorporation can be detected by immunostaining with specific anti-BrdU antibodies. EdU detection is based on a copper (Cu 1+ ) catalyzed covalent "click" reaction between an azide attached to a fluorescent dye and the alkyne group of EdU (Salic & Mitchison 2008) . While BrdU detection in C. elegans has been possible for some time (Boxem, et al. 1999) , the EdU method is new and has been applied only in a few recent studies ( Fig.1) (Cinquin, et al. 2010; Korzelius, et al. 2011) . The EdU method has a major advantage over BrdU staining: while BrdU detection requires DNA denaturation, this step is not needed in the EdU procedure. As a result, EdU incorporation can be combined with immunostaining with antibodies, which can be a great help in visualizing cells of interest.
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Flow cytometry is commonly used for DNA quantification in other systems. Although this technique is not widespread, flow cytometry has been used to produce accurate measurements of DNA content for freshly dissociated C. elegans cells (Bennett, et al. 2003) . The dissociated C. elegans cells represented multiple cell types, which reduces the utility of the DNA distribution information. This limitation can be avoided by using strains in which cells of interest are marked with transgenes that express GFP (or other fluorescent tags). GFP expression can be used to gate cells of interest in the flow cytometry analysis so that the DNA distribution of only the GFP expressing cells is analyzed. In future studies, this coupling of selective GFP expression with propidium iodide staining will probably be applied more broadly in the analysis of the DNA distribution of specific tissues and cells of interest. Fig. 1 . EdU incorporation and staining visualizes DNA replication in C. elegans larvae. EdU incorporation in cells of the ventral nerve cord in a first stage larva (A, B, and C) and nuclei in the intestine of an early L4 larva (A', B', and C') are indicated by arrows. Panels show DNA staining by DAPI (A and A'), EdU staining (B and B') and merged images (C and C'). Note that cells that completed S phase prior to EdU addition stain with DAPI but do not incorporate EdU, such as the neurons indicated by arrowheads. One arm of the developing gonad is visible at the right (A', B', C').
Studies in other systems have shown that CDC-6 and CDT-1 are needed to load the minichromosome maintenance (MCM) protein complex onto the replication origins. The MCM complex consists of 6 proteins, MCM2 to MCM7, which is thought to act as the helicase that unwinds the DNA at the replication origins. C. elegans contains orthologs of all six MCM genes, which are known as mcm-2 to mcm-7 and cause similar embryonic lethal phenotypes when inactivated by RNAi (Sonnichsen, et al. 2005) . MCM-4 was initially identified through a mutation in the lin-6 gene, and is the only C. elegans MCM protein studied in detail (Korzelius, et al. 2011) . MCM-4 is expressed in all dividing cells during embryonic and postembryonic development. It is strongly induced just prior to the G1/S transition in somatic cells and disappears when cells exit the cell cycle. MCM-4 localizes to the cell nucleus in interphase, while in mitosis MCM-4 localization becomes diffuse throughout the cell upon nuclear envelope breakdown. In late anaphase, MCM-4 starts to colocalize with the DNA, presumably licensing the DNA for the next round of S-phase (Fig. 2) . The absence of DNA replication, as observed in mcm-4 mutants, might be expected to trigger a checkpoint that delays mitotic entry. However, mcm-4 mutants enter mitosis in the absence of DNA replication and, initially, with normal timing, suggesting that mcm-4 is not only required for DNA replication but also activates a checkpoint that monitors completion of DNA replication (Korzelius, et al. 2011 ). This second function corresponds to the results obtained in studies with other organisms, which clarified the requirement of the MCM complex in activation of the DNA damage and replication checkpoints Zou & Elledge 2003) . In addition to these well conserved functions, mcm-4 also displays a tissue-specific requirement in C. elegans, which will be discussed below (Korzelius, et al. 2011) . Activation of the MCM2-7 complex is needed for opening the DNA helix and allowing the DNA polymerases to start DNA replication. This activation marks the end of origin licensing and the start of origin firing . Studies in several organisms have shown that the onset of S-phase requires CDK (cyclin dependent kinase) and DDK (Dbf-4 dependent Cdc7 kinase) activity to promote activation of the MCM2-7 helicase, while at the same time the recruitment of pre-replication complexes is inhibited (Bousset & Diffley 1998; Nguyen, et al. 2001; Remus, et al. 2005) . CDKs and DDK4 are not only required for the activation of the MCM complex, they also trigger the assembly of additional factors. This results in the formation of a "preinitiation complex" that contains a large and still growing group of proteins, such as Cdc45, Mcm10, RPA and the DNA polymerases  and  ( Bell & Dutta 2002; McGarry & Kirschner 1998; Mechali 2010; van Leuken, et al. 2008) . Most of these factors have not been identified or investigated in C. elegans, and the formation and function of the preinitiation complex in C. elegans therefore remains elusive (Table 1) . In animal systems, Geminin acts as an inhibitor of CDT-1, which is degraded in mitosis in an APC/Cdependent fashion (McGarry & Kirschner 1998; van Leuken, et al. 2008) . C. elegans Geminin GMN-1 also associates with CDT-1 and inhibits origin licensing when added to frog egg Regulation of DNA Synthesis and Replication Checkpoint Activation During C. elegans Development 21 extracts (Yanagi, et al. 2005) . GMN-1 inhibition results in germline defects and intestinal abnormalities with chromatin bridges. Thus, Geminin may be an example of a metazoanspecific regulator of DNA replication initiation.
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Preventing re-replication
When DNA replication is initiated, origin licensing should be prevented, as re-firing of only a single origin may lead to gene amplification and could have dramatic consequences. Hence, all eukaryotes use multiple levels of control to prevent more than one round of DNA synthesis within a single S-phase, although the exact players and mechanisms differ somewhat between species. In general, there are two mechanisms used to prevent rereplication: firstly, formation of the pre-replication complex (prior to S-phase) and the activation of the origins (during S phase) are temporally separated, and secondly, proteins required for the formation of the pre-replication complex are inactivated as soon as DNA replication starts (Arias & Walter 2007; Blow & Dutta 2005; Machida, et al. 2005) . Surprisingly, despite the importance of a single round of DNA replication and the redundant levels of control, certain single gene mutations cause substantial re-replication.
As an important example, C. elegans cul-4 displays such a re-replication phenotype (Zhong, et al. 2003) . cul-4 encodes the core subunit of a cullin based E3 ubiquitin ligase that targets substrate proteins for ubiquitylation and degradation. Kipreos and coworkers studied the effects of cul-4 inhibition by RNAi in the epithelial stem-cell like "seam" cells in the C. elegans skin. Interestingly, they observed that cul-4 RNAi resulted in seam cells with up to a 100n DNA content and showed that this results from extensive re-replication rather than failed mitosis (Zhong, et al. 2003 ). As mentioned above, a key mechanism of preventing re-replication is inactivation of the components that form the pre-replication complex. Indeed, it was shown that cul-4 is required for the degradation of one of these components. When cul-4 is inhibited, CDT-1 levels do not drop at the end of G1 but remain constant throughout Sphase, indicating that CUL-4 is required for S-phase degradation of CDT-1. Subsequent studies in C. elegans and other systems demonstrated that CUL-4 in association with the DNA damage binding protein 1 (DDB-1) recognizes CDT-1 as a substrate (Arias & Walter 2007; Blow & Dutta 2005; Kim & Kipreos 2007a; Kim & Kipreos 2007b ). However, degradation of CDT-1 by CUL-4 is not the whole story, since expression of stable CDT-1 alone does not cause noticeable re-replication. CUL-4 was also found to be responsible for the localization of CDC-6, another member of the pre-replication complex. CDC-6 normally accumulates in the nucleus during G1 phase, and is exported from the nucleus to the cytoplasm during S-phase. The activity of CUL-4 turned out to be needed for nuclear export of CDC-6. Thus, CUL-4 inactivation deregulates two essential factors of the pre-replication complex. High nuclear levels of both CDT-1 and CDC-6 in S-phase allow continued origin licensing and promote re-replication (Kim, et al. 2007; Kim & Kipreos 2007a) . Although intriguing, the mechanism by which CUL-4 regulates nuclear export of CDC-6 in S-phase was not immediately apparent. However, two clues were available: CDC6 nuclear export is regulated by Cyclin-CDKs in other systems, and, similar to the human homolog, the amino terminus of C. elegans CDC-6 contains multiple nuclear localization signals flanked by potential CDK phosphorylation sites (Kim, et al. 2007; Kim & Kipreos 2007b; ). Phosphorylation at these sites coincides with nuclear export, as demonstrated by phosphospecific-antibody staining, and mutation of all six CDK sites prevented nuclear export. Thus, CUL-4 could promote nuclear export by stimulating CDK phosphorylation of the CDC-6 N-terminus. This is likely accomplished by degradation of a CDK inhibitor of the Cip/Kip family, known as CKI-1 in worms, Dacapo in flies and p21 Cip1 in vertebrates (Fig. 3) (Bondar, et al. 2006; Higa, et al. 2006; Kim & Kipreos 2007a; Kim & Kipreos 2007b; Kim & Kipreos 2007b; Korzelius, et al. 2011) . Fig. 3 . Preventing re-replication. Inactivation of CDT-1 and CDC-6 in S phase provides a key mechanism for preventing re-replication. The cullin RING ubiquitin E3 ligase (CRL) complex CRL4 Cdt2 is critical in the inactivation of CDT-1 as well as CDC-6. CRL4 Cdt2 contains the cullin protein CUL-4, adaptor DDB-1 and substrate recognition unit CDT-2. This complex recognizes its substrates in association with PCNA. CDT-1 and a CDK inhibitor of the Cip/Kip family, CKI-1, contain a PCNA interacting protein (PIP) motif in the Nterminus and are degraded by CRL4 Cdt2 . As PCNA is an auxiliary factor of DNA polymerases, the degradation of CDT-1 and CKI-1 can be coupled to DNA replication. Inactivation of CKI-1 allows activation of S phase CDK/Cyclin kinases. CDK phosphorylation of the CDC-6 N-terminus promotes nuclear export of CDC-6. Because of its control of two critical pre-replication complex components, CUL-4 inactivation leads to extensive re-replication in C. elegans (see text for further details).
In each of these models, a cullin RING ubiquitin E3 ligase (CRL) has been identified that contains CUL-4, DDB-1 and a substrate recognition unit CDT-2. This CRL4 Cdt2 complex recognizes its substrates in an unusual manner. CKI-1, p21 Cip1 and CDT-1 all contain a PCNA interacting protein (PIP) motif in the N-terminus (Havens & Walter 2009) . PCNA is an auxiliary factor of DNA polymerases, which forms a ring around the DNA and acts as a sliding clamp. Because interaction with PCNA is a prerequisite for CRL4 Cdt2 substrate ubiquitylation, degradation of the CKI and CDT-1 substrates is coupled to DNA replication. In summary, upon association with PCNA, the CDK-inhibitor CKI-1 is recognized by CRL4 Cdt2 and targeted for degradation. This allows S-phase Cyclin-CDKs to phosphorylate CDC-6, which triggers CDC-6 export from the nucleus. In addition to CKI-1, CRL4 Cdt2 also targets PCNA-bound CDT-1 for ubiquitin-dependent proteolysis. In C. elegans, CDC-6 nuclear export and CDT-1 degradation are two redundant mechanisms that prevent rereplication ( Fig. 3 ) (Kim & Kipreos 2007b; Korzelius & van den Heuvel 2007) . Because C. elegans does not show redundancy for the CRL4 Cdt2 E3 ligase in CDT-1 degradation, the function of this complex has been more obvious in C. elegans.
Activation of the DNA replication checkpoint in early embryos
Incomplete DNA replication activates an S-phase checkpoint, which delays progression through the cell cycle to create time for repair (Branzei & Foiani 2010) . Central in this checkpoint is the ATR-Chk1 protein kinase pathway, which is activated by lesions created by stalled replication forks. Active Chk1 phosphorylates downstream cell cycle regulators such as the CDC25 phosphatase that controls the activity of CDK1. This S-phase checkpoint is generally not functional in early embryos. For example, inhibition of DNA replication with a low concentration of hydroxyurea (HU) does not affect cell cycle progression in embryos of Drosophila, Xenopus or Zebrafish (Hartwell & Weinert 1989) . However, the situation is quite different in early C. elegans embryos, which not only contain an active Sphase checkpoint, but also activate the ATR-1/Chk-1 pathway as part of normal development (Brauchle, et al. 2003; Encalada, et al. 2000) . The first division of the C. elegans zygote is unequal and generates a larger anterior blastomere, AB, and smaller posterior blastomere, P1. These cells give rise to different daughter cell lineages. For instance, P1 continues an additional three asymmetric divisions to produce the germline precursor P4 (Sulston, et al. 1983 ). In addition to the different fates, cell division in the AB and P1 lineages also occurs with a different timing, with the AB cell dividing approximately 2 minutes earlier than the P1 cell (visible in Fig. 2) . Interestingly, atl-1 ATR and chk-1 function contributes to this asynchrony of cell division in normal embryos (Brauchle, et al. 2003) . Double inactivation of atl-1 and chk-1 reduced the time between mitotic entry (nuclear envelope breakdown) of AB and P1 from 125 sec in the wild-type to 75 sec after atl-1/chk-1 RNAi. Thus, somehow the P1 blastomere might preferentially and highly reproducibly activate the S phase checkpoint. Asymmetric division of the zygote is needed for this distinction between AB and P1 (Brauchle, et al. 2003) . Preferred checkpoint activation in P1 is also visible in mutants with defects in DNA replication, or embryos treated with HU, which inhibits ribonucleotide reductase (Brauchle, et al. 2003; Encalada, et al. 2000; Encalada, et al. 2005; Korzelius, et al. 2011) . Both the zygote (P0) and P1 daughter are able to delay mitosis by about 12 minutes when replication is compromised, while the AB daughter halts for only a few minutes. Inactivation of atl-1 and/or chk-1 prevents these delays, indicating that this is a legitimate, though limited, S-phase checkpoint response. The different response of the P1 versus AB lineage has been interpreted as protection of the germline against replication errors. Surprisingly, however, the checkpoint response to DNA damage (rather than replication arrest) appears actively repressed in the P1 lineage (Holway, et al. 2006) . Bypassing the checkpoint could serve to maintain the relative timing of blastomere divisions, which is an essential part of development.
The MCM helicase is needed for activation of the replication checkpoint
Defects in some replication components trigger a checkpoint arrest, while others do not. For instance, partial loss of function of div-1, which encodes a DNA polymerase α-subunit, gives rise to substantial cell cycle delays (Encalada, et al. 2000) . The same is true for inhibition of ribonucleotide reductase by HU treatment or rnr-1 RNAi (Brauchle, et al. 2003) . However, mcm-4 inactivation interferes with DNA synthesis without the induction of a checkpoint response (Korzelius, et al. 2011 ). Cells in mcm-4(RNAi) embryos and mcm-4 mutant larvae enter mitosis at the appropriate time and continue chromosome segregation as well as cell division. Moreover, RNAi of mcm-4 suppressed the checkpoint delay induced by rnr-1 inhibition. These data indicate that MCM-4 is not only required for DNA replication but also for activation of the S phase checkpoint. Genome fragmentation has also been reported for cdt-1(RNAi) and cdc-6(RNAi) embryos. Thus, the assembly of a pre-replication complex appears to be needed to trigger the S-phase checkpoint. Studies in other organisms support these observations and have demonstrated that activation of the DNA damage and replication checkpoints requires MCM helicase activity. Recruitment of Replication Protein A (RPA) to single-stranded DNA is probably the actual checkpoint trigger (Zou & Elledge 2003) . The helicase activity of MCM proteins generates ssDNA, through unwinding the DNA at the replication fork. Stalling of replication forks, e.g. after HU treatment, causes uncoupling of the MCM helicase from DNA polymerase activity (Byun, et al. 2005) . Consequently, fork stalling leads to an accumulation of ssDNA, which recruits additional RPA and causes activation of the checkpoint kinases ATR and Chk1. The formation of replication forks and the generation of ssDNA both require MCM function. This explains why C. elegans mcm-4 loss of function prevents DNA synthesis without activation of the replication checkpoint.
Endoreplication: polyploidy required for growth
Endoreplication cycles bypass mitosis while DNA replication continues, which results in a doubling of the ploidy during each endocycle. Endoreplication commonly occurs in specific cell types during metazoan development. In C. elegans, only two tissues become polyploid as a result of endoreplication: the intestine and the epidermis (formally known as hypodermis). Intestinal cells endoreplicate during each larval stage, increasing the ploidy to 4n at the transition from first to second larval stage and leading to intestinal nuclei with 32n DNA in adult animals (Hedgecock & White 1985) . The situation in the epidermis is more complex. Epidermal nuclei reside in syncytia, sharing a common cytoplasm without separating membranes. The largest epidermal syncytium is hyp7, which covers most of the body except for regions of the head and tail (Hedgecock & White 1985) . In each larval stage, stem-cell like precursors in the epidermis, known as "seam cells", divide to create novel seam cells and daughter cells that fuse with the hyp7
Regulation of DNA Synthesis and Replication Checkpoint Activation During C. elegans Development 25 syncytium (Sulston & Horvitz 1977) . Ultimately, this creates a syncytium with 133 nuclei. The newly created epidermal cells duplicate their genomic DNA prior to fusion, so that they enter the syncytium as 4n nuclei (Hedgecock & White 1985) . Endoreplication has been reported to occur in adult stage hyp7 nuclei, although the level varies between nuclei, with an average ploidy of 10n to 12n in older adults (Fig. 4) (Flemming, et al. 2000; Morita, et al. 2002; Nystrom, et al. 2002) . Why these two cell types, the skin and intestine, undergo endoreplication is not fully understood. It has been speculated that endoreplication is used to maintain the integrity of these tissues, while allowing increased genome ploidy to support increases in cell volume and metabolic activity (Kipreos 2005) . In many organisms however, endoreplication has been correlated with growth. Indeed, the C. elegans epidermis and intestine grow extensively during larval development, and endoreplication in the epidermis has been correlated with the size of the entire animal. Several observations support this conclusion. Hydroxyurea (HU) treatment of adult animals, in which somatic cell proliferation has been completed, prevents endoreplication in the epidermis as well as growth of the animals. (Lozano, et al. 2006) . In contrast, tetraploid animals are 40% larger in volume than wild type worms, which closely corresponds to the increase in epidermal polyploidy (from average 11.2n to 16.7n, in adults at 148 hrs.). Furthermore, the first generation homozygous cye-1 cyclin E mutants survive till adulthood because of maternal CYE-1 supplies and these animals show reduced endoreplication in the epidermis and a corresponding reduction in body size (Lozano, et al. 2006 ). Finally, mcm-4 mutants fail DNA replication and are severely growth retarded and larval lethal. Specific expression of MCM-4 in the epidermis of such mutants is sufficient to rescue larval growth and lethality (Korzelius, et al. 2011) . Thus, the polyploidy of the epidermis contributes to the body size of the adult animal.
A B

Tissue-specific regulation of DNA replication
Interestingly, endoreplication in the epidermis is regulated by a TGF- signal transduction pathway. C. elegans uses several different TGF- pathways to control a variety of developmental processes, including growth. Mutations in components of this pathway lead to smaller and thinner adult animals (small phenotype: Sma). The ligand for the growth pathway is DBL-1, which is homologous to DPP/BMP-4 (Morita, et al. 2002; Suzuki, et al. 1999) . DBL-1 signals through the Type I and II TGF- serine/threonine kinase receptors SMA-6 and DAF-4, respectively, to the downstream SMAD transcriptional regulators SMA-2, SMA-3 and SMA-4 (Savage-Dunn 2005). Notably, daf-4 and sma-2 mutants are not only small and thin, but also show reduced ploidy of epidermal nuclei (Flemming, et al. 2000; Nystrom, et al. 2002) . A critical downstream target of the DBL-1 pathway has also been identified: lon-1 (Maduzia, et al. 2002; Morita, et al. 2002) . Homozygous lon-1 mutant animals are longer than normal (Lon phenotype), while overexpression of lon-1 leads to a small phenotype. Several observations indicate that lon-1 acts downstream of the SMA-6 TGF- type I receptor: double sma-6; lon-1 mutants are still somewhat long, and lon-1 mRNA levels are increased in sma-6 mutants. Surprisingly, lon-1 encodes a putative transmembrane protein, related to the plant pathogenesis-related protein 1 (PR-1) and human glioma-pathogenesis related protein (GliPR-1). This LON-1 protein is expressed and required in the epidermis, and anti-LON-1 antibodies showed localization to apical junctions (Morita, et al. 2002) . LON-1 is claimed to repress endoreplication, based on the increased epidermal ploidy in lon-1(e185) and lon-1(RNAi) adults. However, two other lon-1 mutations show somewhat reduced ploidy compared to wild-type (Morita, et al. 2002) . Thus, although further research is needed, there is strong evidence that the DBL-1 ligand, produced in a set of neurons, activates a TGF-/SMA pathway, which inhibits lon-1 expression in the epidermis, and thereby allows endoreplication and growth of the adults. The TGF-/SMA/LON-1 pathway should somehow connect to the cell cycle in order to regulate endoreplication. Based on the Sma phenotype of cye-1 mutants, it has been proposed that Cyclin E is the key regulator (Lozano, et al. 2006) . Cyclin E mutant mice also show defects in trophoblast endoreplication (Parisi, et al. 2003) , and the fluctuating activity of Cyclin E with its kinase partner CDK-2 drives endoreplication in Drosophila (Claycomb & Orr-Weaver 2005; Lilly & Duronio 2005) . However, TGF-/SMA/LON-1 signaling could also act more upstream of cye-1, e.g., in the regulation of cyd-1 Cyclin D. cyd-1 mutants are also small, and C. elegans Cyclin D is needed for endoreplication, at least in the intestine (Boxem & van den Heuvel 2001) . At least in C. elegans, Cyclin D is essential for G1/S progression and induction of S phase genes such as MCM proteins (Boxem & van den Heuvel 2001; Boxem & van den Heuvel 2002; Korzelius, et al. 2011 ).
The cyd-1 and mcm-4 mutants show an interesting phenotypic difference. Homozygous mutants of either cyd-1 or mcm-4 complete embryogenesis, because of maternal supplies, fail DNA replication from the first larval stage onward, and show severe growth retardation. However, only mcm-4 mutants show larval lethality, which is fully suppressed by expression of mcm-4 from an epidermis specific promoter (Korzelius, et al. 2011) . The ability to arrest the cell cycle probably underlies the difference between cyd-1 and mcm-4 mutants: post-embryonic blast cells in cyd-1 mutants arrest prior to S phase entry, while they continue abnormal mitosis in mcm-4 mutants. As a result, the structural integrity of the epidermis is lost only in mcm-4 mutants, which often causes larval death. Thus, not absence of DNA replication but lack of an S-phase checkpoint response may lead to death of the animal.
In conclusion
Studies of DNA replication in C. elegans have thus far been limited. Given the variation of well-established models for replication studies, which include budding and fission yeast, Xenopus egg extracts, cells in culture, in vitro systems and even flies, one could question the need for studying S phase in the worm. However, several important mechanistic insights have been obtained from observations of DNA replication-defective phenotypes in the worm. Moreover, such analyses have emphasized the variation in regulatory mechanisms between different developmental stages and in different cell types, underscoring the need for studies of replication control in a developmental context. The combination of its large embryonic cells, strong cell biology, genetic tractability and highly reproducible lineage now allows for a detailed analysis of the assembly of prereplication and replication initiation complexes in real time in C. elegans. High-throughput studies have already defined RNAi phenotypes for many known DNA replication components, and have identified currently uncharacterized genes with similar phenotypes. Thus, C. elegans increasingly adds an attractive developmental animal system for gene discovery, functional characterizations in vivo, and live imaging of replication component localizations. 
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